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1. INTRODUCTION

To improve the development and maximize the utilization of Naval weapons, it is

necessary to understand the dynamic processes and the flow structures in the atmosphere, on the

ocean surface, and in the ocean water body. Small-scale, high-frequency turbulence is one of

the most important but least understood of these flow structures. Turbulence governs all the

transport processes, in terms of mass, heat, and momentum, that play an important role in the
ocean sciences, including physical oceanography, marine meteorology, coastal sciences, and air-

sea interactions. A suitable field-worthy flow instrument with adequate frequency response and

spatial resolution for field deployment in water and air is needed to obtain measurements of

turbulent transport properties so that we can improve our understanding of these phenomena.
Flow Research, Inc. (FL,)W) conducted a Phase I feasibility investigation on the

development of a scanning laser velocimeter (LV/S) for measuring spatial or temporal profiles

of flows, turbulence, and current/wind shear in coastal waters and the marine atmospheric

boundary layer. This development is a natural extension of a diode laser Doppler velocimeter or

DLDV (see Section 2), requiring incorporation of a powerful diode laser and a scanning

capability with the DLDV. The identification of high-power laser diode arrays has satisfied the

first requirement. One of the main Phase I tasks was to design a scanning lens system, to serve

both as the focusing and collecting lens, that would project the focal or sampling volume to the

point of measurement and collect scattered light from particles passing through the sampling

volume. The scanning lens will be controlled by a stepping motor setup calibrated to provide

the position of the focal volume. The LV/S will be designed with a range of about 2 to 3 m.

In this report, the Phase I project is documented in full. First, some background

information on laser Doppler velocimetry and diode lasers is presented in Section 2. Then, after

the Phase I technical objectives are outlined (Section 3), the experimental methods and apparatus

used in Phase I are described in detail (Section 4). The results of the Phase I study are

presented in Section 5, and conclusions and recommendations are presented in Section 6.
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2. BACKGROUND

Laser Doppler velocimeters (LDVs) have been established as one of the most accurate and

versatile instruments for nonintrusive velocity and turbulence measurements (Durst et al., 1976).

LDVs are superior to many other velocity instruments in terms of wide dynamic range, fast

dynamic response, high spatial resolution, linear calibration, stable or nondrifting characteristics,

and applicability in air and water. In particular, LDVs are superior to conventional techniques

for measuring multiple-phase flows, as in the breaking wave zone where air bubbles are present

(Liu and Lin, 1987). The applicability of LDVs, however, is severely limited by their bulkiness

and lack of portability.

These disadvantages have been overcome by the recent development at FLOW of a diode

laser Doppler velocimeter for field deployment (Schedvin and Liu, 1984; Liu et al., 1985a,

1985b). In the compact DLDV, the bulky and power-hungry gas laser and peripherals of the

conventional LDV are replaced by a miniature diode laser and electro-optical components. This

development has revolutionized the application of the laboratory-proven laser velocimetry

method for field deployment. The DLDV has been successfully field-tested in Arctic waters

under ice floes in two oceanographic expeditions (Liu et al., 1985a). Recently, a second-

generation DLDV was developed to remove the directional ambiguity of laser anemometry using

a position-sensitive or lateral-effect (LE) photodiode (Liu, 1986; Liu and Bondurant, 1988)

rather than Bragg cells, another step forward in achieving portability of laser velocimetry for

field deployment. In addition, simultaneous measurements of the speed, size, and concentration

of particles (sediment or airborne) may be extended in the near future (Durst et al., 1976).

The DLDV has several advantages over the conventional LDV with a gas laser. These

advantages, which make the DLDV especially suitable for field deployment, include:

o Compactness and portability: All components of the DLDV are housed in two small

water-tight modules, one transmitting and the other receiving (see description in

Appendix). The entire volume of the DLDV is smaller than that of an equivalent

5 mW He-Ne laser alone. Further reduction in size may be achieved by incorporating

integrated optronics in the design.

o Low electric power consumption: Both the laser diode (the light source) and the

photodiode (the detector) are highly efficient and require only low-voltage DC power.

They may be driven by batteries, an attractive feature for field deployment [refer to

Spectra Diode Labs (1988) manual].

o Ease of operation: The optics in the sensor head are prealigned, and the DLDV is

calibrated in the factory. Yearly recalibration may be required to maintain alignment

and calibration for optimum operational conditions. Under the backscatter mode, all

TR-482/08-89 2



the user has to do during setup is to align the optical axis (marked on the sensor

head) of the DLDV to the flow component to be measured.

o Long lifetime: The laser diode has an expected life of 20,000 to 50,000 hours. Re-

placement of the diode laser is a simple task. At present, the optical module of the

diode laser (the laser diode, the collimator, and the beam shaper) is assembled as a

unit or subsystem. This subsystem can be further miniaturized by using integrated

optronics (optics and electronics). Driven by the optical disk and optical com-

munication industries, the pace of the development of new laser diodes is phe-

nomenally rapid.

At present, the laser diode (index guided) of the DLDV operates in a continuous-wave

(CW) mode, which has a maximum laser power of 30 to 50 mW at 780 to 830 nm (for those

with single transverse and longitudinal modes). Such laser power is not adequate for

measurements over a relatively long range (up to several meters), especially when using the

backscatter configuration, which is required for a scanning DLDV as was originally proposed in

this project. Further innovation will involve either the identification of a powerful laser diode

or operation of the diode in a pulsed mode, which has the potential of increasing the peak laser

power about 3 orders of magnitude up to several tens of watts.

Two main difficulties must be overcome to enable operation of the laser diode in the

pulsed mode. First, the pulse width of the laser diode must be very short (typically shorter than

200 ns) to operate the diode at a peak power significantly higher than its CW counterpart.

Second, the spe ral width of pulsed lasers now available commercially is relatively broad

(AX > 3.5 nm), which degrades the coherence length of a CW diode (in the neighborhood of

10 m). A long coherence length is essential to ensure a distinctive fringe pattern at the focal

volume of the two intersecting beams.

In general, the 200-ns pulse width would be too short to accommodate the entire Doppler

burst signal for the range of speeds to be anticipated. Frequency shifting of one of the crossing

laser beams, creating a "running" fringe pattern at the focal volume with a center frequency in

the range of 10 to 100 MHz, would be a potential solution to this difficulty. In principle, the
"running" fringe pattern would sweep across particles in the scanning path of the focal volume,

which effectively increases the pulse width. It would not only solve the short pulse problem,

particularly for low-speed measurements, but would also alleviate the directional ambiguity

inherent to laser velocimetry. On the other hand, techniques are available for narrowing the

spectral width of the pulsed diode emission. For example, the use of narrow optical filters or

an etalon tuned to one of the major lines of emission are two such techniques.

TR-482/08-89 3



3. PHASE I TECHNICAL OBJECTIVES

The overall Phase I technical objective was to determine the feasibility of developing a

scanning laser velocimeter (LV/S) for flow measurements in coastal zones and the marine

atmospheric boundary layer (see Figure 1).

The key technical issues were to demonstrate:

o The adequacy of laser power for operating the DLDV in the scanning and backscatter

modes. This objective may be achieved by using a powerful laser diode or operating

the diode in a pulsed mode to boost the instantaneous laser power.

o The design of projecting/receiving optical systems capable of scanning the focal

volume along the optical path and receiving the scattered light emitted from particles

in the focal volume.

o The capability of hardware/software for processing the data and deriving the velocity

components measured at the focal volume.

The Phase I project also involved identification of hardware for implementing the

backscatter sensing (such as image enhancement using microchannel plates) and scanning

capability and various data processing schemes, including frequency counting, tracking, and

photon correlation. The method of photon correlation has been successfully used for long-range

wind velocity measurements using a conventional LDV (Durst et a]., 1980).

The successful completion of the Phase I work has led to the submittal of a Phase II

proposal to the Office of Naval Research for consideration of further research and development.

The Phase II effort will lead to the development of a prototype LV/S for field deployment.

TR-482/08-89 4
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Figure 1. Schematic of LV/S Deployment for Measuring Flows and Sediment/Particles in
Coastal and Marine Atmospheric Environments. Rotation of the optics about the
optical axis facilitates the measurement of different horizontal flow components.
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4. EXPERIMENTAL METHODS AND APPARATUS

The Phase I approach involved the design, fabrication and testing of laboratory models of

key LV/S components to demonstrate the feasibility of the proposed research and development.

In this section, we describe the experimental methods and apparatus used in the Phase I

investigation.

Most of the groundwork for the proposed development of an LV/S was conducted

previously through the development of two generations of DLDVs (Schedvin and Liu, 1984; Liu

et al., 1985b; Liu, 1986) at FLOW (see Appendix). Thus, the Phase I R&D required essentially

an upgrade of the DLDV by incorporating the scanning capability, which also requires a

significant increase -i the laser power. A natural extension would be to replace the CW laser

diode with a pulsed one that could achieve a peak laser power about 3 orders of magnitude

higher than the CW counterpart. An alternative would be to use a high-power laser diode that

is capable of generating several watts of laser power, such as a multistripe diode array. The

optical characteristics of the multistripe diode, however, are different from those of the single-

stripe laser diode. Special optronic hardware would be required to utilize the powerful

multistripe laser diode as the light source of the LV/S.

In this section, we first provide some technical information regarding the DLDV

developed at FLOW. We then review the pulsed DLDV concept, followed by a discussion of the

diode laser array velocimeter concept. This section also contains summaries of the scanning lens

and data acquisition and processing systems.

4.1 Diode Laser Doppler Velocimeter (DLDV)

Figure 2 shows a schematic of the DLDV operating in the on-axis forward-scatter mode

(Liu et al., 1985b, 1989). It consists of a transmitting module and a receiving module. Except

for the diode laser, the individual elements are the same as used in the conventional LDV. The

STAINLESSSTEEL
v / CASING

COLLIMATOR FOCUSING LENS

, ER -----
A NDECTRON I

(Lu -t - o. 98b,199
ELECTRONICS9 6=POTD

-/ " _FIBER
ALTRZ BEAM SPLIlT1ER OPT'IC ROD UNDE RWATrE

UN DERWATRCNE0

ID)C POWER IN) AND SIGNAL 0U_.

Figure 2. Schematic of a First- Generation DLDV for Oceanographic Deployment
(Liu et al., 1985b, 1989)
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DLDV was successfully field tested during two oceanographic expeditions for measurements of

ocean current and turbulence under ice floes (Schedvin and Liu, 1984; Liu et al., 1985b).

Figure 3 shows a comparison of current measurements made using the DLDV and a

propeller current meter deployed in close proximity during the 1984 Marginal Ice Zone

EXperiment (MIZEX 84) (McPhee, 1985). The two time series of velocity components

measured by the two instruments generally show good agreement. Small-scale deviations are

due to a 50-cm vertical separation between the two sensors inside the oceanic boundary layer,

the DLDV being at 2.5 m and the current meter at 2 m below the bottom of the ice floes. For

a brief description of the first-generation DLDV, refer to the Appendix. For long-range wind

speed and turbulence measurements, the DLDV has to be operated in the on-axis backscatter

mode, as diagrammatically shown in Figure 4. In general, the intensity of backscattered light is

about 3 orders of magnitude lower than that of forward-scattered light. Together with long-

distance optical pickup, such a system results in low scattered and detected light powers. To

maintain a reasonable signal-to-noise ratio (SNR) for detecting the Doppler frequency from the

light scattered by particles passing through the focal volume, several measures may be taken:

(1) increase the laser power, (2) improve the sensitivity of the photosensors, or (3) optimize

signal processing.

To demonstrate the long-range LDV capability, Durst et al. (1980) deployed a system

using a CW 5-W argon-ion laser at 514.5 nm to measure wind speed at 80 and 105 m away from

the transmitting/receiving optics. Good agreement was obtained between the LDV measure-

ments and those of a sonic anemometer placed side by side with the focal volume of the LDV

(see Figure 5). For a single-mode (in the parallel and perpendicular directions) laser diode,

which may be used as the light source of the LDV, the maximum CW power is 30 to 50 mW.

This power level is definitely too low for the intended long-range, backscatter wind

measurements. When operating in the pulsed mode, however, the peak power of the laser diode

may signif.cantly increase, by a factor of up to 3 orders of magnitude of the CW power,

provided the duty cycle is low (1% or so). An obvious remedy is therefore to operate the laser

diode in tj - -pulsed mode.

4.2 Fulsc-a fJi )V

.as,.r (.ode pulsers are commercially available to generate laser pulses with a width of 200

to 500 ns, and new pulsers that can generate pulse widths of 500 ns to 10 ms have just recently

become available (Power Technology Inc.). The maximum pulse rate is as high as 106 pulses

per second. The peak power is inversely proportional to the square root of the pulse width up

to 1 ms, beyond which the diode approaches the CW mode. For example, for a diode rated at

TR-482/08-89 7
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Figure 5. Comparison of Wind Speeds Measured with an LDV and a Sonic Anemometer
(Courtesy of Professor F. Durst). The focal distance is at 105 m.

10 W at 200 ns, the peak power at 1 ms would be about 4.5 W. To achieve high peak power,

one has to operate the diode at a short pulse width, which would present a different problem.

At 500 ns, for example, during any one "on" cycle of the pulse operation, no more than 10

Doppler cycles can be captured for Doppler signals with frequencies lower than 20 MHz. As a

result, wind speeds (typically 20 to 40 m/s and lower) corresponding to Doppler frequencies of

20 MHz or lower cannot be measured when the pulse width is set to 500 ns or longer, severely

limiting the dynamic range of the system. A remedy for this problem is given below.

Reduction of Spectral Bandwidth

One of the major obstacles for using a pulsed laser diode is that the pulsed emission has

several side bands on each side of the major line(s). This results in degradation of the

coherence length and potential smearing of the contrast of the fringe pattern. The longer the

coherence length, the larger the scanning range, provided that qttenuation of the laser light is

not significant. Potential remedies are the use of either narrow bandwidth optical filters or an

etalon tuned to one of the major lines, with the sacrifice of a reduction in the instantaneous

laser power. Optical filters with a bandwidth of I nm are commercially available; further

TR-482/08-89 9



narrowing of the bandwidth can be achieved by using two filters with overlapping windows. In
Phase I, we examined these two methods and determined whether they would be suitable for the

intended application.

Ootical Modulation

An ultimate solution to the limitation of the dynamic range due to short pulse widths

would be to shift the frequency of one of the beams by an amount of about 30 MHz, creating a
"running" fringe pattern at the focal volume. This is essentially the same as the Doppler-shifted

LDV setup using a Bragg cell to remove the directional ambiguity of the LDV. As a result,

light scattered from a stationary particle inside the focal volume would have a Doppler signal

with a frequency of 30 MHz. Positive and negative (180* difference) wind components will

cause the Doppler frequency to increase and decrease accordingly. The maximum negative

velocity component resolvable by the system is that corresponding to a Doppler frequency of

30 MHz. In other words, this remedy not only solves the short pulse problem but also removes

the directional ambiguity, which is definitely a welcome solution. At present, acousto-optical

modulators or Bragg cells are used for the frequency shifting for LDV applications. To be

compatible with the portability and compactness of the DLDV, we may look into using electro-

and magneto-optical modulators that are small in size and consume low electrical power.

4.3 Diode Laser Array Velocimeter (DLAV)

As mentioned earlier, the maximum power currently attainable for a single-element, CW,

index-guided laser diode is 30 to 50 mW. A breakthrough increase in the laser power for this

type of diode is not anticipated in the near future due to limitations of the optical power

density (106 W/cm 2) at the diode facet. Catastrophic facet damage results when the steady-state

optical energy density at the output facet exceeds this limit. This damage melts the mirror facet

and causes lasing to cease. Larger apertures permit higher power output without exceeding the

facet damage threshold. However, emitters with active region dimensions greater than about

10 pm tend to fail prematurely due to uncontrolled filamentary lasing at high local energy

densities and subsequent local facet damage. The creation of multiple coherently (or phase-)

coupled small emitters into a multistripe array is a simple process that eliminates filamentary

lasing and permits high total power from a coherent source. Optically, multistripe arrays are

identical to other geometries of similar aperture. The relatively large aperture of these diode

arrays is, however, not suitable for the conventional LDV configuration, such as the crossed-

beam differential configuration.

It is important to point out that the near-field pattern of the multistripe diode array

depends on the output power. For an array with power below 200 mW, the near-field displays

TR-482/08-89 10



a number of intensity peaks that, depending on the distance between and size/form of the

individual stripes, show very pronounced maxima. Figure 6 shows the typical near-field real

fringes of a 200-mW, 10-stripe laser diode array from Spectra Diode Labs (SDL-2420-HI).

The basic idea is to bring this near-field distribution in the form of real fringes to focus in the

sampling volume for measuring the velocity components of particles passing through that

volume. High-quality focusing or imaging optics are required to limit the real fringes in the y-

z plane (perpendicular to the axis of the laser light beam). Due to the coherence of the phase

array, the real fringe pattern is also spatially limited in the x direction along the laser beam. As

a result, a well-defined sampling volume is attainable. This type of laser velocimeter is often

referred to as a laser array velocimeter (LAV) (Dopheide et al., 1988). Thus, to be consistent

with our convention, we have chosen to refer to it as the diode laser array velocimeter (DLAV).

Several types of optical systems for forward scattering and backscattering have been tested

by Dopheide et al. (1988). They also presented a case for directional sensing by masking one of

the stripes of the array. Their methods are only applicable to relatively low power diode arrays

with a distinctive near-field real fringe pattern. For high-power laser diode arrays (> 200 mW),

Figure 6. Near-Field Distribution of a Phase-Coupled Laser Diode Array (SDL-2420-HI
with a maximum power of 200 roW)

TR-482/08-89 11



the distinctiveness of the real fringe pattern reduces with increasing laser power. For laser

diode arrays with power exceeding I W, the near-field pattern becomes a nearly uniform "top

hat" distribution. Our main interest here is the high-power diode array for scanning operations.

4.4 Scanning Lens System

To project the focal volume to the measuring points and to collect onto the photosensor

the scattered light from particles passing through the focal volume, a special scanning lens

system is required for relatively short distance projection and collection. This scanning lens

system, which replaces the front lens as shown in Figure 2, will be equivalent to a telephoto

lens for photography. The design of the scanning lens system depends on the configuration of

the optronics that forms the focal volume. During Phase I, a simple model of the scanning lens

system was designed, assembled and tested with the DLAV/S laboratory model for the feasi-

bility investigation. The Phase I findings will lead to the design and fabrication of a sophisti-

cated scanning optical system for projection of the focal volume and collection of the scattered

light in Phase II. The scanning assembly will have an LVDT output to monitor the position of

the focal point at all times during data acquisition for reconstruction of the wind or wind shear

profile. Again, portability and compactness will be major considerations in the design of the

scanning lens system.

Enhancement of the sensitivity of the photosensors may be made by the incorporation of

an image intensifier such as microchannel plates, if needed. Miniature, highly sensitive image

intensifiers (with a 106 gain) are now commercially available (e.g., Hammamatsu Model V2025).

Such an incorporation would definitely enhance the photon correlation method. It is plausible

that the image intensifier provides so much gain that the conventional counter processor is

adequate, at least for a medium range of scanning. During Phase I, we further investigated the

application of image intensifiers for the proposed development.

4.5 Data Acquisition and Processing

We anticipate that the signals from the prototype DLAV/S may require advanced

processing algorithms, such as photon correlation (Durst et al., 1980), for on-line data analysis

(Sharpe, 1979). Such a signal processor would include a high-speed digital correlator and an

80386-based PC to perform real-time fast Fourier transforms (FFTs); the peak of the FFT

results corresponds to the dominant frequency of the scattered light signals and, therefore, the

magnitude of the flow components to be measured. For example, TRW has made available an

FFT chip that is capable of performing FFTs at very high speeds. The FFT chip would

definitely enhance the real-time photon correlation method. Implementation of photon
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correlation hardware and software, if required, will be made during Phase II. The 80386-based

PC will serve as a stand-alone data acquisition and analysis system. Data recorded with the

system may be uploaded to mainframes for high-speed data analysis.

Nicolet Digital Oscilloscope

The Nicolet 4094 digital oscilloscope consists of three main components: the mainframe,

the Model 4562 plug-in, and the XF-44/1 disk recorder. The mainframe includes a display

memory, display screen, and various controls to manipulate the display screen components. The

controls feature horizontal and vertical expansion to x256, autocentering, choice of XY and XT

displays, 16K word display memory that can be left intact or divided into halves or quarters,

and multiple function abilities including arithmetic manipulations, electronic graticule, and pen

recording outputs.

The Model 4562 plug-in includes two 12-bit, 500-nanosecond digitizers. Other features

include two high-impedance differential amplifiers; single 16K word memory; single-ended or

differential amplifiers; positive, negative, or dual-slope triggering; normal trigger, pre- and

post-trigger, and delayed trigger displays; a trigger view mode for setting up the triggering

threshold; low-pass filtration; and sweep and point averaging.

The disk recorder transfers data onto the floppy diskette for storage. The stored data can

be recalled at a later time for inspection on the screen. The diskette is divided into 20

individual records, each capable of storing either one (16K), two (8K), or four (4K) data

gioups. A set of 23 programs is available for statistical and waveform analysis of the signals

stored on diskettes. For example, there are programs to estimate the maximum and minimum

values, the rise time of a wave form, the area, and the average and rms values. Programs are

also available for differentiation, integration, and inversion of the signals. The stored data may

be transferred to the PC for further analysis and may also be displayed graphically.

For the Phase I investigation, we used two types of processors available at FLOW: the

counter-type and FFT processors. The counter processors include a Macrodyne Model 2096

processor and FLOW's DLDV/DS processor (Liu and Bondurant, 1988).

Data Acouisition System

The DLDV/DS is equipped with an on-line data acquisition system (DAS). To assist with

the development of the DLDV/DS system, an AT-type personal computer (PC) was used to

collect and analyze data from the DLDV/DS unit. A 64-bit wide parallel interface was used to

handshake information from the DLDV/DS unit to the PC. The sampling frequency of the PC

was controlled by the DLDV/DS unit via one of its 64-bit parallel outputs. This bit was
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brought to an active state every time a data block was ready. The actual sampling frequency

was sent to the PC via four binary-coded decimal (BCD) values. The largest value that the

system was capable of sending was 999.9 hertz.

Other information collected by the computer include the highest burst frequency that was

detected over the last sample period (and the channel that detected the burst), the exact position

in that time interval that the burst occurred (burst location), and the direction of the burst. All

this information was collected and stored in the computer's memory during a data collection
run. Once the information was collected, it could be saved to disk for future retrieval and was

also available for the operator to review.

During a review process, selective information could be written to the disk in a format
compatible with other spreadsheet software packages. In addition, the program could calculate

the mean and standard deviation for a given data set and display the number of readings that
were made on each of the individual channels. Another option allowed the operator to store to

disk only data that was valid (indicated by a valid channel number). This was needed in order
to reduce the amount of information that was stored when very low particle counts were present

in the sensing area.

In order to collect information from the DLDV/DS, the following hardware is needed:

o AT-type computer

o Burr-Brown Base Module with 32 bits of Parallel I/O PN# PCI-20001C-2 Base

Address CFOOH

o Burr-Brown 32-bit Parallel Expansion Module PN# PCI-20004M-I Expansion Slot\ 3
o JRAM-AT3 memory card with 2 Mb Memory Bank Select Register ES00:0000

Mapped Page for memory access DOOO:0000

If a review of an old file is needed, only the AT computer and the JRAM are required.

The operation of the program is controlled with the use of menus. The Tab and Shift-

Tab keys are used to highlight the different menu items. Selection of a highlighted menu

option is done with the Enter/Return key. The first time the program is run after computer

power-up, it is essential that the JRAM memory be initialized. This is accomplished by first

selecting the "Modify Parameters" option which is found in the top-level menu, and then
selecting the "Init Ram" option. This will cause the computer to test and initialize the memory

used by the system. Once this is completed, return to the top-level menu and proceed with

another option. The system menu options include "Gather Data," "Review Data," "Modify
Parameters," "Convert File" and "Save Data." In addition, we used se"er~l softwarc packages

such as the LOTUS 123 spreadsheet by Lotus Corporation, Asystant Plus by Macmillan Software

TR-482/08-89 14



Company, MATLAB by Math Works, Inc., and SIGMAPLOT by Jandel Corporation. These

packages include all the statistical and spectral analysis routines required, together with

graphics, for the reduction and analysis of the experimental data.

FFT Signal Processor

The FFT signal processor was developed by Agrawal and Belting (1988) and is based on a

Fourier transform method (Agrawal, 1984). This processor continuously sweeps across the

spectrum of the incoming signal. The frequency containing the spectral peak is saved and pre-

sented as the velocity data. This approach has the twin advantages of being completely insensi-

tive to signal drop-out (as against phase-locked-loop trackers) and being ideal for low SNR

applications (unlike the counter processor, which is suitable for intermittent signals but requires

high signal quality). The processors have been used in the deep sea (Agrawal and Belting, 1988)

and in shallow water (Agrawal et al., 1988). The former application exemplified a low-data-

rate situation; the latter, a continuous-signal situation. The same principle has been applied in

more recent commercial LDV processors, but they are also an order magnitude more expensive.

The processor consists of a modified chip-Z FFT signal processing board (Reticon-5601)

and circuitry to extract the frequency at the spectral peak. The frequency resolution and data

rate are related by the fundamental relationship Af (At/2) = I, where Af is the frequency

resolution (8 bits) and At is the sampling interval. The factor 2 enters due to the use of only

half the spectrum as the second half (from fN to 2 fN, where fN is the Nyquist frequency) is a

reflection nearly 0.5 kHz. Tests were conducted in Phase I using the DLAV configuration to

determine the performance of the FFT processor for analysis of the backscattered signals. An

attempt was made to identify some hardware that would miniaturize the processor for field

deployment. The SNR level at relatively short scanning distances was determined. The SNR

for long-range scanning will be extrapolated as the basis for the prototype development in

Phase II.

4.6 Flow Facilities

For tests of the DLAV model in air, we used an air jet by fitting a nozzle of 1 cm

diameter to the outlet of an ultrasonic humidifier (Gemtech Model AH-1501). Water droplets

generated by the humidifier are excellent seeds for laser velocimeters. Refer to Liu and

Bondurant (1988) for a detailed description of the facility and other peripherals designed to

control the number density of water droplets in the air stream.

During Phase I, we tested the DLAV model with the use of DLDV/DS receiver and the

directional counter processor to demonstrate the directional sensing capability of using an LE
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photodiode (Liu and Bondurant, 1988). A series of tests was conducted in an oscillatory flow

facility consisting of an air cylinder driven by a crank motor. The air cylinder is connected to a

square vertical pipe (5.08 cm x 5.08 cm) with two optical windows made of microscope plate

glass for the passage of the laser beam and viewing of the sampling volume. The pipe was

filled with tap water (through a 10-prm filter). The water column in the pipe undergoes an

oscillatory motion when the crank motor is turned on, as water is forced into and out of the air

cylinder. The rotational speed of the motor controls the frequency, and therefore the speed, of

the oscillation.
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5. PHASE I RESULTS

In this section, we present the Phase I results derived from a literature review and

laboratory experiments. These results are further analyzed to determine the feasibility of the

proposed development of a scanning DLAV.

5.1 Pulsed DLDV

As originally proposed, we first designed and assembled a test model of the DLDV using

a pulsed laser diode for the Phase I feasibility investigation. One of the most important tasks

was to determine whether the optical characteristics of the pulsed diode lasers, in terms of the

peak laser power, the coherence length, and the maximum pulse width, are suitable for

incorporating the scanning capability in the DLDV.

As a part of Task 1, we purchased two pulsed laser diodes from Laser Diode, Inc. (Models

LD-62 and LD-63). The diodes emit near infrared light with a nominal wavelength of 904 nm,

which is only visible by the naked eye via a fluorescent screen or viewer. They were driven by

a power supply specifically for pulsed operations (Power Technology, Inc., Model

IL20CJ00/200PSV). The maximum repetition rate and pulse width are 10 kHz and 200 ns,

respectively. The maximum instantaneous power that decreases with increasing pulse width is

about 6 to 7 W. At a pulse width of 200 ns, the instantaneous power reduces to about I to 2 W.

To form the focal volume in the cross-beam differential or fringe mode, we placed a

diode laser collimator in front of the diode to create a collimated beam. The beam was then

split into two parallel beams, using a 1-cm-cube beam splitter, and then these beams were

passed through a focusing lens. The focal volume was imaged and magnified on a screen by

using a 40x microscope objective. A fringe pattern would be formed on the screen, as in the

case for the CW setup, provided the coherence length of the pulsed laser was longer than the

difference in the optical path through the beam splitting and focusing optics. A clear image of

the fringe pattern is essential for the cross-beam LDV to work properly.

No fringe pattern was observed when we set up the above configuration. After an

extensive discussion with the manufacturer, we learned that the coherence length of the pulsed

diode, in its current configuration, is at best 0.5 mm. Such a coherence length is practically too

short for the intended applications, especially for a relatively long-range projection and pickup

for a scanning LV. For comparison, the coherence length of a CW index-guided GaAlAs laser

is on the order of several meters. In an attempt to improve the coherence length of the pulsed

diode, an interference filter centered at 904 nm with a bandwidth of 3.5 nm was inserted

between the laser beam and the optics. Little improvement was observed. We also acquired an

etalon with a centered frequency of 904 nm. Although the etalon has higher optical trans-

mission and narrower bandwidth than does the interference filter, no significant difference in
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the improvement in the coherence length was observed between the two. Both were considered

failures in providing the much-needed bandwidth filtering to improve the coherence length of

the pulsed laser diode.

5.2 Diode-Pumped YAG Laser

A second potential light source for the scanning LV for ocean deployment is laser-diode-

pumped solid-state YAG lasers (e.g., Amoco Laser Company). At present, commercial

microlasers are available for visible (ALC 532, 5 mW) and near-infrared (ALC 1064, 100 mW)

emission. Research units with much higher power have been sent out for evaluation. Ac-

cording to Amoco, visible and near-infrared microlasers with CW power up to 100 and 500 mW

will be available soon. Note that the attenuation in seawater of the laser light at 532 nm is sig-

nificantly lower than that at 800 nm; the 50% attenuation lengths for these microlasers are 6.9 m

and 0.25 m, respectively. The attenuation length of the green laser is about 2 to 3 times longer

than that of a He-Ne laser (633 nm). At present, a 5-mW CW He-Ne laser has been

successfully used as the light source for an underwater LDV operating in a backscatter mode

(Agrawal and Belting, 1988). A range up to I m was achieved. Therefore, a 100-mW green

laser (532 nm), which is equivalent to a 3-W near-infrared laser (800 nm) when used under-

water, should be adequate for a scanning, backscattering LDV to a range up to about 3 m.

Therefore, the diode-pumped solid-state YAG microlasers are potential candidates for the light

source for a field LDV if their power achieves 100 mW or higher (Chumbley, 1989).

5.3 Diode Laser Array Velocimeter (DLAV)

The failure of using pulsed laser diodes as the light source for the scanning LV prompted

our investigation into the use of high-power CW diode arrays as a potential candidate and, thus,

introduced the concept of the DLAV. The preliminary work of Dopheide et al. (1988) has

shown encouragement in the proposed R&D. Our Phase II development, however, will be way

beyond the power range of Dopheide et al. (1988), in which the ac amplitude modulation of the

array disappears entirely. During Phase 1, we conducted a series of laboratory experiments and

a literature search to further examine the feasibility of developing a scanning DLAV. First, we

designed, assembled and tested a laboratory model of a DLAV. Second, we designed innovative

optronics for generating the near-field real fringe, whose distinctiveness disappears for a high-

power diode array (> 1 W). Finally, we designed a scanning lens system for projecting the real

fringe along the optical path of the scanning focal volume and collecting the scattered light

signals from particles passing through the focal volumes. In the following, we describe the

Phase I R&D activities.
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DLAV Laboratory Models

As the light source of the DLAV, we acquired a phase-coupled 10-stripe diode array

from Spectra Diode Labs (Model SDL-2420-HI). The maximum laser power is 200 mW at

798 nm. To ensure an optimum near-field distribution of the real fringe pattern (relatively

uniform distribution with maximum amplitude modulation), we had the manufacturer hand

select from a lot of about 12 diode arrays before packaging the array into the TO-3 canister.

There are a total of 10 stripes of emitters with amplitude modulations that are about one-third

to one-half of the maximum dc intensity (Figure 6). Note that the ac modulation rather than

the dc level contributes to the usable signals for velocity measurements.

Figure 7 shows a schematic of one of the laboratory models of the DLAV. The entire

setup was mounted on an optical table. A Liconix LDDIOO laser diode driver (1) was used to

drive the 10-stripe SDL-2420-HI diode array (2). A Newport laser collimating lens assembly

with an 8-mm focal length (3) was placed in front of the array to project the near-field real

fringe pattern to the sampling volume (5). For backscattered light collection, a receiving lens

(6) with a focal length of 0.5 m was placed 70 cm from the sampling volume at an angle of 20

to 300 from the optical axis of the DLAV. The first-generation DLDV receiver with the fiber-

optic rod (Liu et al., 1985b) was used for collecting the backscattered light onto the photosensor.

The output signals were fed into the processors, either the counter- or FFT-type. An air jet

with a diameter of 1 cm (Section 4.6) was used to test the DLAV model. Water droplets

generated by an ultrasonic humidifier were used to seed the flow.

To facilitate the scanning capability, we added a Melles Griot 06 GLC 006 laser

collimating lens assembly (50-mm focal length and 20-mm clear aperture) between the air jet

and the first collimating lens (3). For this setup, a relatively small movement of the lens system

(3) would result in a large movement of the focal volume along the optical axis of the DLAV.

This is an excellent feature when automated scanning is to be implemented in Phase II. The

fringe spacing, however, would also increase linearly with the projection or scanning distance

from the face of the diode array. Preferably, the fringe spacing should be independent or only

weakly dependent of the scanning distance. Innovative design of the scanning optics will be

required to achieve this.

It turned out that the SNR from the photosensor output of the DLDV receiver was too

low for proper operation of the FFT processor (Agrawal and Belting, 1988). Subsequently, we

replaced the DLDV receiver with a photomultiplier made by Hammamatsu (Model R928, range

185 to 930 nm); the photomultiplier has a significant increase in the gain at the sacrifice of the

quantum efficiency at 798 nm as compared with the silicon photosensor used in the DLDV

receiver.
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The backscattered signals were first fed through a band-pass filter (Krohn-Hite

Model 3103) and then displayed on the screen of a Nicolet digital oscilloscope. The digital sig-

nals were recorded on floppy disks and transferred to a PC for storage and further analysis and

examination. Figure 8 illustrates a typical light burst scattered from a particle passing through

the sampling volume. There are a maximum of 10 alternating dark/bright bands in each burst,

resulting from the illumination of the particle by the 10-stripe diode array (Figure 6). Note

that the shape of the burst differs significantly from that of the classical Doppler burst (Durst

et al., 1976); the latter has many more zero crossings and is more or less Gaussian in

distribution. For comparison, the background noise in the absence of a particle in the sampling

volume is also plotted in the same figure. Superior SNR is evident from this figure.

Figure 9 shows a typical time series of the output from the photosensor in response to

passage of particles in the air jet through the sampling volume at which the near-field real

fringes are imaged. There are two pronounced light bursts about I ms apart with excellent

SNR. These would result in validated velocity measurements after the signals are processed.

There are also less pronounced bursts with only 3 to 4 cycles and relatively low amplitude

modulation. The weak bursts correspond to signals generated by small particles passing through

the edge of the sampling volume at an angle to the optical axis. They will not to be validated

when a counter processor equipped with a comparator using 5 (counts)/8 (counts) convention.

The dominant frequency of the weak bursts may be determined with the use of an FFT

processor; the accuracy would be poor due to too few cycles in the bursts.

Dominant Freouency of Burst Signal

By feeding the time series into the FFT processor, the dominant frequency of the light

bursts is determined. Figure 10 shows the time series of the dominant frequency measured with

the FFT processor near the exit of the jet at x/D - 2, where x is the distance from the nozzle

and D is the jet diameter. The measured dominant frequencies are consistent with those

estimated from the time series of the light bursts recorded with the Nicolet oscilloscope (e.g.,

Figure 9). For the particular experimental setup, the fringe spacing is about 50 Am. Therefore,

the conversion factor is 20 kHz/cm/s. The mean frequency of 25 kHz corresponds to about

I m/s exit speed of the jet. It is evident that the time series is contaminated by low-speed

spikes that have no physical significance. It turns out that the spikes correspond to the speed of

some relatively large water droplets, formed as a result of the merging of small droplets, that

tend to lag the jet flow. This is confirmed by the slow but continuous accumulation of water

inside the nozzle. To remove the contribution from the low-speed, large droplets, we deleted

all the data points with speeds deviating more than two standard deviations from the mean
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speed of the jet. The resulting time series is free of the low-speed spikes, as illustrated in

Figure 11.

Figure 12 illustrates the time series of dominant frequencies measured at x/D = 20 along

the centerline of the jet. It is interesting to point out that the mean speed of the jet reduces to

about half of that at the jet exit and the signals are highly intermittent; these are well-known

characteristics of a turbulent jet. Also, note that there is no longer the low-speed spikes

observed in the time series, as the large water droplets have dropped out from the jet at 20

diameters downstream.

For the 10-stripe diode array used for the DLAV model, the maximum number of cycles

for each light burst is 10. Due to the few zero crossings in each burst, the error in determining

the dominant frequency of the burst is expected to be relatively high. The cure would be to

increase the number of zero crossings, which will be accomplished in Phase II by using a fine

grating to create the near-field real fringes.

Directional Sensing

For removing the directional ambiguity of laser velocimetry, we set up the DLAV model

together with the directional sensing receiver and processor from the second-generation

DLDV/DS (Liu and Bondurant, 1988; Liu et al., 1989). A series of laboratory tests was

conducted in a flow facility capable of generating an oscillating water column (see Section 4.6).

For this series of tests, we operated the DLAV in the forward-scatter mode (slightly off axis),

as the lateral-effect (LE) or position-sensitive photodiode has relatively low sensitivity

compared with the photomultiplier used in previous experiments. The sampling volume was

imaged onto the surface of the LE diode via the imaging optics of the DLDV/DS receiver. Tap

water passing through a 10-pm filter was used as the working fluid. Previous experience has

demonstrated that relatively clean water has to be used in the facility to avoid the simultaneous

presence of multiple particles in the sampling volume, the main source of error in measuring the

flow direction.

During one of the tests, the DLAV was configured to have a fringe spacing of about

35 pm. To demonstrate the directional sensing capability, Figure 13 illustrates two sets of burst

and direction signals excerpted from the two outputs of the directional counter processor. In

essence, the two outputs are the sum and difference of the raw outputs from the two end

terminals of the LE diode. The two sets of signals correspond to the upward (Figure 13a) and

downward (Figure 13b) movements of the water column, as represented by the slope of the

direction signals designated by the thick solid curves. There is a lag between the burst and

direction signals, which is accounted for in the software of the processor.
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Note that the burst signals (forward scattered) have excellent SNR, whereas the directional

signals (multiplied by 4) span only about one-tenth of the 10-V full range. Optimization may

be achieved by fabricating smaller LE photodiodes for the intended application. The LE diode

used in the DLDV/DS receiver has a dimension of 1 mm x 3 mm. Current technology exists to

fabricate such a sensor with dimensions 2 to 3 times smaller than the one currently available to

us. The advantage of using a small LE diode is at least twofold. First, it would increase the

SNR of the direction and burst signals. Second, it would relax and simplify the requirements

for the receiving optical systems, potentially leading to miniaturization of the optics and

therefore the DLAV. During Phase II, effort will be made to acquire small-size LE diodes.

For operation under a backscatter mode, LE diodes with significantly higher gain will be

required. We will also consider the use of image intensifiers to improve the SNR.

The directional counter processor further processes the sum and difference of the signals

illustrated in Figure 13 to calculate the burst frequency and the flow direction. The processed

results are recorded via the data acquisition and analysis system. For a detailed description of

the hardware and software installed in the processor, refer to Liu and Bondurant (1988).

Typical processed results are illustrated in Figure 14. The abscissa and ordinate are,

respectively, the time in milliseconds and the flow velocity in centimeters per second. The

sampling rate was set at 50 Hz. The symbols represent the measured velocity data, and the solid

curves are the best-fit representation of the oscillating flow using the following formula:

U = a sin (b t + c) + d (])

where a, b, c, d are the best-fit coefficients, t is the time in milliseconds, and U is the velocity

in centimeters per second. For the present setup, the amplitude of oscillation is a = 6 cm/s and

the period is 1/6 Hz. In the figure, the diamonds and triangles represent the uncorrected and

corrected data, respectively. The data were corrected by checking the acceleration of the

oscillating flow:

dU/dt - a b cos (b t + c) (2)

For the condition with the water column oscillating at 1/6 Hz, The maximum velocity and

acceleration are calculated at 6 cm/s and 6.3 cm/s 2, respectively. A data point with a wrong

direction would result in a much larger value in the magnitude of the acceleration than the

maximum value for the flow under consideration. For the one-dimensional flow, a simple sign

cha,.ge would correct for the error. For more complicated flows, a similar criterion may be

applied during post analysis.

Figure 14a illustrates the uncorrected measurements together with the best-fit curve.

Ther. are six erroneous data points out of a total of 90 validated measurements, a 6.7%
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Figure 14. DLAV Measurements of the Velocity of an Oscillating Water Column. The fringe
spacing is -35 pm; the DLDV/DS receiver and directional counter processor were
used for removal of directional ambiguity.
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erroneous occurrence. Due to the relatively large fringe spacing (35 um), the errors are mainly

due to the simultaneous presence of multiple particles in the focal volume, which confuses the

directional sensing hardware and software. Under optimal conditions, the erroneous occurrence

may reduce to less than 0.5%, as demonstrated in Figure 15, corresponding to the optimum

configuration of the DLDV/DS measurements (Liu and Bondurant, 1988).

Applying the acceleration criterion described above, the corrected results are shown in

Figure 14b. The corrected results agree well with the fitted curve, with few exceptions. As

described by Liu and Bondurant (1988), the directional counter processor relies on the

5 (counts)/8 (counts) comparison convention to gauge the accuracy of the validation. Because

the maximum number of zero crossings was limited to 10 for the 10-stripe diode array used for

the DLAV model, we had to relax the accuracy by allowing a higher tolerance of inaccuracy.

As a result, there was a relatively large error in the magnitude of the velocity measurements

using the DLAV. model. In contrast, the results measured with the DLDV/DS with a fringe

spacing of 7.9 pm displayed excellent magnitude agreement with the fitted curves (see

Figure 15).
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Figure 15. Measurements of the Velocity of an Oscillating Water Column Using the
DLDV/DS Under Optimum Conditions
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6. SUMMARY AND RECOMMENDATIONS

In this section, we summarize the Phase I findings and assess the feasibility of the

proposed development of a scanning diode laser velocimeter for field deployment in coastal and

marine environments. Based on the results of a literature review and experiments conducted

with a DLAV laboratory model in Phase I, we have demonstrated the feasibility of developing a

scanning diode laser velocimeter. Recommendations fcr developing a scanning DLAV prototype

during Phase II are also given in this section.

6.1 Summary

This Phase I investigation has shown that the originally proposed method failed due to

current technological limitations in fabricating pulsed laser diodes. The original method pro-

posed to replace the CW laser diode in the field-proven DLDV (Liu et al., 1985b, 1989) with a

pulsed diode to achieve a gain in peak laser power of 2 to 3 orders of magnitude, which is

necessary for backscatter operation of the scanning laser velocimeter. Our findings indicated

that the current technology for solid-state laser diode fabrication is not capable of manu-

facturing pulsed laser diodes with an adequate cohere i length for the emitting light and with

a relatively long pulse width when operating at high power. The short coherence length

(< 0.5 mm) would fail to form distinctive fringes at the sampling volume for relatively long-

range projection, particularly when the difference in the optical paths of the two intersecting

beams exceeds the coherence length. This would result in a poor SNR of the Doppler signals.

On the other hand, the short pulse width (< 200 ns), would not accommodate the entire Doppler

burst of low- to medium-speed flows. Although there are methods, such as generating
"running" fringes to sweep across the slow-moving particles by shifting the frequency of one of

the beams with a Bragg cell (see Section 4.2), we uid not investigate these methods because

there was no immediate solution to the problem of short coherence length, which is the most

critical problem to be solved.

We subsequently resorted to high-power laser diode arrays in an attempt to develop a

scanning diode laser array velocimeter (DLAV/S). Although the concept of a laser array

velocimeter has been demonstrated by Dopheide et al. (1988), application of the LAV is limited

to low-power arrays (< 200 mW), which display well-defined near-field fringes. The proposed

development would require a diode array with power exceeding I W. For such high-power

diode arrays, the amplitude of modulation of the near-field fringe pattern deteriorates with

increasing laser power. In addition, there are many other relevant questions, such as signal

processing, directional sensing, and image projection and signal detection, that must be dealt

with before extending the LAV to a scanning and a backscatter configuration. To seek answers
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to these questions, we designed, assembled, and tested a laboratory model of the DLAV using a
low-power diode array (Sections 4.3 and 5.3). From the results of the laboratory experiments

conducted with the DLAV model (Section 5.3), we assessed and demonstrated the feasibility of

the proposed development of a scanning DLAV. The most important Phase I findings are as

follows:

(1) Phase-locked diode arrays with CW laser power up to 5 W are available to date and

would be a viable light source for a scanning DLAV for field deployment. A diode

array is compact and may be driven by batteries--both of these features are desirable

for deployment in remote sites. Diode arrays also have all the other advantages of a

DLDV as described in Section 2.

(2) A laboratory model of the DLAV equipped with a 200-mW diode array as the light

source was designed, assembled and tested during Phase I:

o A sampling volume of real fringes was formed by imaging the near-field pattern

(Figure 6) of the array via a set of collimating lenses (Figure 7).

o It was configured to operate in an off-axis backscatter mode (Figure 7), as

backscattered light collection is necessary for the scanning operation.

o The backscattered signals sensed slightly off axis have excellent signal-to-noise

ratio (Figures 8 and 9).

o An FFT processor (Agrawal and Belting, 1988) was used successfully to measure

the axial velocity components of a an air jet (Figures 10 through 12) under the

backscatter mode.

o A directional counter processor (Liu and Bondurant, 1988) was also successfully

used to measure the flow of an oscillating water column (Figures 13 and 14); the

capability of direction sensing was provided by using a lateral-effect photodiode

in conjunction with the processor.

(3) The feasibility of the proposed development has been demonstrated through a

literature review of the state-of-the-art optronic components and a series of

experiments using the DLAV laboratory model. A Phase II proposal is under

preparation for the development of a prototype to be deployed in the field.
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6.2 Recommendations

Several recommendations for the development of a prototype scanning DLAV for

development in coastal and marine environments are given below:

(I) For the prototype DLAV, we recommend the use of a high-power diode array (I to

5 W) as the light source. Such a power level is necessary for the backscatter

configuration. Near-field real fringes will be generated by projecting the laser beam

onto an amplitude grating. For measurements in the ocean body, we will consider the

use of a green diode-pumped YAG laser (532 nm) as the light source. Currently, the

maximum power is only about 5 mW; a prototype of a higher power version is under

testing by Amoco Laser Company. The combination of extremely low attenuation of

sea water (the 50% attenuation length is about 30 times larger than that at 800 nm)

and high quantum efficiency of the photomultiplier at this wavelength may be more

than compensating for the low laser power, especially when higher power units will

be available in the near future. In addition, the large coherence length and small

beam divergence of the YAG laser (75 m) is less restrictive in the scanning range.

(2) For high-power diode arrays, the near-field light pattern becomes a top-hat

configuration without the large-amplitude modulation of those of their low-power

counterparts. To recreate the near-field pattern with a large-amplitude modulation,

we will have to project the laser light onto an amplitude grating and project the

recreated near-field to the sampling volume. In that proccss, only half of the laser

power would pass through the grating. For the diode-pumped YAG, with a

coherence length greater than 5 m, a phase grating may be used to generate the real

fringes, and only a small percentage of the laser power will be lost.

(3) For a grating with a fixed spacing, the fringe spacing at the sampling increases with

increasing scanning range. To avoid a high probability of the simultaneous presence

of multiple particles in the sampling volume, which would cause a high rate of

dropout, it is necessary to use a relatively small fringe spacing. For example, the

maximum allowable fringe spacing should be about 15 Mm, depending on the number

density of the natural particles in the field. The combination of the specifications of

the optics for projection/receiving and the maximum fringe spacing would dictate the

maximum scanning range for the proposed system. One of the main tasks in Phase 11
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will be to design and optimize the scanning optics to achieve a scanning range of 2 to

3 m. For example, we may use a reflector instead of a lens for projection/receiving,

as diffraction-limited reflectors are much easier to fabricate than lenses, especially

large-diameter lenses.

(4) We will consider developing a grating with a variable spacing that is tied to the

scanning distance. The idea is to maintain a constant fringe spacing independent of

the scanning distance. Such a development, if successful, would considerably

simplify the hardware and software for data processing. For example, Figure 16 is a

schematic of a scanning DLAV with a constant fringe spacing. In the design, a voice

coil will be used to move the collimating optics for scanning the sampling volume. A

key element is a photo-elastic modulator. A feedback circuitry will be developed to

vary the frequency of the piezo transducer driver, whicn controls the spacing of the

grating. In the figure, the laser light is polarized to facilitate backscatter collection

using the same set of scanning optics.

(5) For directionial sensing in backscatter, we will consider a geometry invented and

patented by Agrawal (Agrawal and McCullough, 1981; McCullough and Agrawal,

1988). In this concept, a single laser beam is transmitted to the sample volume. The

beam waist has no structure; it is simply a focussed Gaussian beam. Instead,

structure is built into the detector. An array of sensors is placed at the plane

containing the backscattered image of the sample volume. The elements of the array

are electrically connected in such a manner that alternate elements produce a positive

photocurrent, and the other alternate set, a negative. As the image of a scatterer

travels across the detector array, the alternating detector elements produce an

alternating current, of frequency equal to the ratio of the image velocity to array

spacing. For direction sensing, the period in the response of the array is changed to

four elements, in contrast to two above. This makes two periodic arrays, offset by a

quarter period, so that the two signals are in quadrature. Using these two signals as

the real and imaginary parts of a complex signal, the sign of frequency is obtained.
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APPENDIX

A BRIEF DESCRIPTION OF THE FIRST-GENERATION DLDV

In this Appendix, we describe briefly the first-generation DLDV developed at FLOW.
Detailed information is given by Schedvin and Liu (1984) and Liu et al. (1985b). Special

characteristics of the laser diodes that are used as the light source of a diode laser are noted.

A.I Diode Laser Doppler Velocimeter

The DLDV was developed originally for use in the ocean boundary layer under ice floes

in the Arctic Ocean. The DLDV replaces the gas laser (He-Ne laser) used in a laser Doppler
velocimeter (LDV) with a diode laser (DL). Figure A-i shows a schematic of the DLDV, which
includes transmitting and receiving modules, operating in the forward-scatter mode. The
transmitting module consists of a single-mode solid-state laser diode (LD), a low-power DC
power supply, and a set of optics for collimation, beam splitting, and focusing. The DL is
installed in a sealed housing (4 cm in diameter x 15 cm long) for underwater applications. The

receiving module consists of a photodiode, a low-power DC power supply, an amplifier
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FIBER OPTIC ROD
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SiO cv.i

LASER DIODE
AND OPTICS

Figure A-I. Prototype DLDV Design for Field Test
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circuitry, and a fiber optic rod for collecting the scattering light at the focal volume. These
components are housed separately in a sealed cylinder (4 cm in diameter x 10 cm long). From

the above description, the compactness and the ruggedness of the DLDV are apparent.

Figures A-2 and A-3 show two Doppler burst signals (with the low-frequency pedestal

removed) measured in a pipe flow (filled with tap water passing through a 10-micron filter)
with the DLDV and an LDV using a 5 mW He-Ne laser as the light source. While the Doppler

burst with the He-Ne laser was higher on the average than that obtained with the laser diodes,

the noise level was lower for the laser diodes. Thus, the signal-to-noise ratio, considered as the

ratio of the rms voltage in a Doppler burst to the rms background noise in the photodetector

output, was found to be essentially equivalent. In water, the extinction coefficient is higher for

the laser diode light (780 to 850 nm) than for the He-Ne light (632 nm). This is roughly

compensated for by the better response of the silicon photodiode to the former than to the

latter.

The DLDV has been successfully tested in the laboratory using water droplets (in air) or

powdered milk (in water) as the tracers and in the Arctic Ocean using natural tracers (Schedvin
and Liu, 1984). In the forward-scatter mode, test results (e.g., Figures A-2 and A-3) show that

the DLDV works at least as well as an established LDV using a He-Ne or an argon-ion laser as
the light source. During July 1984, two prototype DLDVs were deployed for measuring ocean

current and turbulence under an ice floe in the marginal ice zone (MIZ) in the Fram Straits of
the Greenland Sea (Schedvin and Liu, 1984; McPhee, 1985). Three high-resolution clusters

(with a spatial resolution of about 1 to 2 cm), including three-component DLDVs, temperature

and conductivity probes for measuring momentum, heat and mass fluxes were also deployed in

the Arctic Ocean during the Arctic Internal Wave EXperiment held in March 1985 (designated

as AIWEX 85). The Office of Naval Research (ONR) is the sponsor of both experiments. For

AIWEX 85, the velocity-temperature-conductivity (V-T-C) clusters were controlled by a

microprocessor, which was used for data acquisition from calibration of the sensors, setting up
the experimental configuration, and processing and manipulation of the data to recording. A set

of software will be developed for data analysis.

A.2 Important Characteristics of Laser Diodes

There are a large number of laser diodes available commercially, but only a few have

characteristics that are suitable for use as the light source of a laser for LDV applications. For

a more detailed description of the laser diodes, refer to the manual by Spectra Diode Labs

(1988). The laser diode characteristics that are of the greatest importance include the
wavelength of the emitted laser light and the laser coherence length. Other important
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19 mV
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Figure A-2. Typical Doppler Burst with SCW-21 Laser Diode and Fiber Optics Rod Pickup.
Filter band-pass - 40 to 200 kHz; background noise - 0.09 mV rms; Doppler
frequency - 85.9 kHz = 51.0 cm/s.

- 4.6 mV

-4.6 mV

Figure A-3. Large Doppler Burst with He-Ne Laser Using Lenses to Focus Scattered Light on
Photodiode. Filter band-pass - 25 to 70 kHz; background noise - 0.24 mV rms;
Doppler frequency - 57.8 kHz = 26.4 cm/s.
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characteristics are the laser diode output power and the divergence of the laser beam. In the

following, we briefly describe a few of these characteristics. As a coherent light source of the

LDV, the laser diode (single-element, index guided) has several special features that are

different frc-,n those of the He-Ne laser:

(1) The collimated light beam of a laser diode is elliptical in shape and so is the focal

volume of the DLDV. Depending on the orientation of the diode, one may have the

fringe pattern aligned in the direction of the major or minor axis of the ellipse; there

are about 3 times more fringes in the former orientation than in the latter. If

desired, special optics are available to shape and truncate the beam into a circular

pattern (Kuntz, 1984).

(2) The laser light has a wavelength between 670 and 850 nm. The laser light with

wavelengths exceeding 780 nm is not visible unless it is viewed with a fluorescent

screen; In water, the absorption of the deep red light is stronger than that of the He-

Ne light (632 nm). This is somewhat compensated for by the higher response and

efficiency of the photodiode to the deep red light than to the red light.

(3) The coherence length of the diode laser, defined as A2/AA where A is the peak

wavelength of the emission spectrum and A,\ is the spectral bandwidth of the laser

light. According to Sharp Electronics, the coherence length of the Model LT024M is

about 10 m, which is somewhat shorter than that of a He-Ne laser.
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